mour growth behaviour. Compared to the literature, in our study the growth rates (mm/year) of RCC in VHL disease did not differ from those of sporadic RCC. Fast tumour growth increases the risk for metastases.
Introduction
Von Hippel-Lindau (VHL) disease is a rare autosomal dominant hereditary disorder with multi-organ involvement and variable expression. Although the spectrum of organ manifestations is wide [1] , the most common manifestations of VHL disease include haemangioblastoma of the retina and central nervous system, renal cysts and renal cell carcinoma (RCC). The prevalence of VHL disease is about 1 in 31,000-53,000. The responsible gene was identified in 1993 on the short arm of chromosome 3 [2] [3] [4] . Interestingly, somatic mutations of the same gene play an important role in the pathogenesis of sporadic RCCs [5] [6] [7] [8] . In recent years, over 1,000 different germline mutations have been described in different databases [9] [10] [11] . In 30-40% of the cases, gene deletions are to a varying extent responsible for manifestation of VHL disease. The remaining groups comprise missense mutations and mu-tations leading to truncated proteins (small insertion, small deletion, splice, nonsense) [12] . VHL carriers present with RCC about 25 years earlier than patients with sporadic RCC [13] . Furthermore, it is generally assumed that RCC in VHL disease differs in biology from sporadic RCC, which is illustrated by a slower growth rate [12] [13] [14] [15] [16] [17] [18] . Prognosis mainly depends on the occurrence of RCC and postoperative complications after neurosurgery. Before introduction of modern imaging methods like CT and MRI, 13-42% of VHL patients died of metastatic RCC [19] . Nephron-sparing surgery (NSS) has become the standard treatment. Most VHL patients will develop RCC recurrence, with multiple microscopic lesions usually already being present in healthy-appearing tissue [20] . Therefore, VHL patients are at high risk for developing end-stage renal failure from treatment of bilateral RCC. However, the question as to proper timing of surgery is as yet unanswered. If the natural history of RCC in VHL patients could be predicted, it would facilitate the decision as to when to start treatment, not only to save patients from receiving redundant treatment, but also to protect them from developing metastases. A crucial step for understanding the biology of VHL renal cancer is to investigate growth patterns, as done in the study presented here. The University Medical Center Freiburg has operated as a centre for VHL patients for more than 20 years now [4, 13, 21] , during which period patients with renal manifestations underwent observation and treatment for RCC. Data were captured on volume fraction of renal cysts and tumour mass in relation to kidney volume, on initial and final tumour volume, growth rate (mm/year), multiplication of tumour volume per year and cumulative, as well as overall tumour volume doubling time (VDT), and under consideration of underlying germline mutation.
Patients and Methods
We evaluated 64 VHL patients with renal involvement of whom 54/64 had undergone renal surgery or a radiofrequency thermal ablation procedure for RCC. In 10/64 VHL patients, at least one or more RCC were diagnosed, however at the time of diagnosis an indication for treatment was not yet present. For all patients several CT/MRI scans existed for retrospective description of tumour growth kinetics ( table 1 ) . The presence of a VHL germline mutation was known in 61/64 cases. In 3 patients, diagnosis was made based on clinical criteria and family history ( table 1 and online suppl. tables S1-6; for all online suppl. material, see www.karger.com/doi/10.1159/000333348). Organ preservation was the primary goal in all first as well as repeat surgeries. An indication for NSS was established once a tumour had reached a diameter of 4 cm. Radical nephrectomy was only performed in cases of functional organ loss or in cases where the parenchyma remnants were not considered worth preserving. For radiofrequency thermal ablation, a tumour size 6 2.5 cm should not have been exceeded and proximity to intestinal structures or large vessels ruled out.
Analysis of Mutations
10-ml EDTA anticoagulated blood samples were available from each patient for mutation screening of all exons of the VHL gene. Analysis was performed as previously described by Erlic et al. [22] . Genomic DNA from blood samples was extracted using standard methods. Small deletions/insertions or point mutations were identified by DNA sequencing followed by complete mutation screening using PCR/single-strand conformation polymorphism and denaturing high-performance liquid chromatography.
Volumetric Analysis
Based on the assumption that a description of tumour volume reflects the real tumour burden more precisely and realistically than diameter (mm/year), we calculated the tumour volume of all 96 lesions. For example, doubling the tumour diameter actually means an 8-fold increase in volume. For evaluation of kidney lesions (solid and cystic) by CT/MRI, the digital imaging system IMPAX-EE R20VP1 (AGFA) was applied. When renal tumours were symmetric we used tumour diameter and applied the following formula for volume calculation: V (mm 3 
In cases of asymmetric tumours, if the diameters differed 1 5 mm in three dimensions, the ellipsoid formula was used: [23, 24] . Total kidney volume was also calculated with the ellipsoid formula. The size of cysts and solid tumours in cases of complex renal lesions was evaluated separately.
Volume Fraction of Tumour and Cystic Lesions in Kidney
We used three different quotients (A, B, C) to show the volume fraction of cysts and tumours in relation to total kidney volume at the time of treatment: (A) tumour fraction = volume 
Statistics
We used Software Prism 5 GraphPad for calculation. The results were compared between groups using unpaired Student's t test, and the limit of statistical significance was defined as p ! 0.05. The correlations were analysed by Pearson's coefficient. Linear interpolation of tumour volumes was also done with Prism 5 GraphPad.
Results

Patients
The growth of 96 tumours was monitored in 64 patients over a mean follow-up of 54.9 months (median 48, SD 27.6, range 12-153 months). The gender ratio (50% women 32/64, 50% men 32/64) was balanced. With respect to the 54 subjects treated, mean age at first treatment was 37 years in males (median 36 years, SD 11.2, range 18-66 years) and 40 years in females (median 38 years, SD 12.5, range 21-73 years). The distribution of underlying germline mutations in 64 patients is shown in table 1 .
Growth Parameters
Growths rates, VDT, initial to final volumes and diameters are shown in table 2 , figure 1 and online suppl. table S9. At ! 1-3 mm/year, 35% (34/96) of the lesions showed slow growth kinetics, 50% (48/96) of the tumours had moderate growths rates ( 6 3-7 mm/year). Fast-growing characteristics were observed in 15% (14/96) of the tumours ( 6 8-17.5 mm/year). VDT was a mean 25.7 months (SD 20.2, median 22.2 months). We saw a large variation in VDT among the 96 tumours (range 3.6-103.5 months). No significant differences were noted in the growth rates (mm/year and VDT) of tumours resulting from mutations leading to truncated VHL protein (small deletion, small insertion, splice, nonsense) compared to tumours resulting from large deletions and missense mutation. Table 3 and online supplementary table S7 show volume multiplication per year overall and depending on mutation. After 1 year, a median 1.4-fold volume increase was observed (mean 1.8, SD 1.17). Regarding the subcategories of mutations, we saw no significant differences between volume multiplications (online suppl. table S7). Table 4 , figure 2 and supplementary table S8 show a mean cumulative increase in tumour volume (n = 96) over a period of 6 years. Regardless of the germline mutation, after 6 years we saw a median 11.3-fold increase in total tumour volume compared to initial volume. Some tumours stayed approximately the same size in the period under observation, while others showed a dramatic volume increase, meaning that tumour growth differed widely. Standard deviations were high and we therefore reported no significant differences in total volume multiplication when subdividing patients according to germline mutation type.
Mean Volume Multiplication per Year and Cumulative over Time
Volume Fraction of Tumour and Cystic Lesion in Kidney
Detailed data on quotients (A, B, C) for description of volume fraction are given in table 5 . At treatment time point (97 interventions), VHL kidneys comprised 39% tumour and 15.7% cyst volume fraction. Tumour volume fraction in the total number of lesions (cysts and tumours) investigated was mean 77.1%. We found no differences when we looked for different underlying mutations. Color version available online
Mean Numbers of Treated Tumours per Kidney
The mean number of tumours treated per kidney in 97 surgeries was 4.7 (median 3, SD 5.5, range 1-33; table 6 ). In cases of missense mutation (30 kidneys, mean 43.1, SD 4.1) the number of tumours removed was significantly (p value = 0.035, CI 0.2-6.08) lower than the number of tumours resulting from mutations leading to truncated protein (39 kidneys, mean 6.3, SD 7.1). We saw no differences between large deletions and mutations leading to truncated proteins.
Tumour Size and Mutation
Data on the growth kinetics of the 96 tumours investigated revealed a mean final tumour size of 37.4 mm (SD 15.5, median 37.2, range 12.9-67) ( table 2 , online suppl. table S9). Classification of patients according to underlying germline mutation did not reveal a significant difference in tumour size.
Correlations
We found no strong correlations regarding VDT versus initial diameter (r = 0.4) and VDT versus initial volume (r = 0.3). Furthermore, correlation of growth rate (mm/ year) versus diameter initial (r = 0.04) and growth rate (mm/year) versus volume initial was not strong (r = 0.06).
Tumours in Patients Who Failed to Comply with the Surveillance Protocol
5/64 patients did not follow the strict surveillance protocol and developed metastases. In 1 case (1/64), VHL diagnosis was made by detection of metastases from RCC. The growth rate of the largest tumours found in patients with metastasis (mean 8.8 mm/year, n = 6) was significantly higher than that of the largest tumours found in patients without metastasis (mean 4.9 mm/year, n = 58) (p value = 0.015, CI 0.78-7). The mean final diameter of the largest tumours in patients with metastases (57.3 mm, n = 6) was significantly greater than that of the largest tumours in patients without metastases (37.4 mm, n = 58) (p value = 0.0041, CI 6.62-33.22). We also observed differences in the volume of tumours detected in patients with and without metastases. The mean volume of the largest tumours in patients with metastases was 107,100 mm 3 (n = 6), and thus significantly larger than that of the largest tumours detected in patients without metastases (40,884 mm 3 , n = 58) (p value = 0.0009, CI 28,728-103,703).
Discussion
VHL patients are at high risk for end-stage renal failure and from recurrent treatment of bilateral RCC. More than 3 NSS on each kidney present a risk of irreversible organ damage and the need for subsequent dialysis. It is universally accepted that the biology of VHL-associated RCC differs from that of sporadic RCC, as illustrated by a slower growth rate [12] [13] [14] [15] [16] [17] [18] . Based on CT/MRI scans, we evaluated in a large trial renal tumour growth rates in VHL disease overall and under consideration of underlying germline mutation. We show that the growth rate of RCC in VHL disease is neither slower nor faster than in sporadic RCC. In fact in both groups it is only the attending physicians who make fundamental distinctions in treatment of RCC. To start with, knowledge of the family history means renal lesions are diagnosed earlier in VHL patients than in sporadic cases. Because the overall number of repeat surgeries per kidney is limited in VHL disease due to frequency of local recurrence, we opt for active surveillance for as long as the tumour has not crossed the threshold size for surgery. Hence, in VHL disease, a number of small tumours are monitored over a long period of time. However, we would only adopt this strategy in selected cases to treat patients with sporadic RCC. Sporadic RCC is diagnosed at 60-64 years of age in most cases [28] and urgent surgery is usually recommended. Thus, it is evident that we are perhaps looking at the same tumours but in different collectives and from a different point of view.
Observation and analysis of RCC growth in VHL disease is rarely undertaken and often limited because of patient numbers and follow-up. In 1992, Choyke et al. [15] first reported on CT follow-up of 42 solid lesions in 28 patients (2.4 years' follow-up) a mean tumour growth rate of 16 mm/year. In contrast to data on sporadic RCC in today's literature (mean 2.8 mm/year) [29, 30] , Choyke et al. [15] documented quite fast-growing, aggressive-appearing tumours. Neumann et al. [13] studied 26 RCC lesions in VHL patients over a 5-year follow-up and described a mean growth rate of 2.6 mm/year. The growth rate of tumours in VHL disease was compared to data provided by Birnbaum et al. [31] , who showed 5.2 mm/ year for sporadic RCC. At the time, the authors concluded that tumour growth of RCC in VHL disease is slower than in sporadic RCC. In 2007, Ploussard et al. [18] evaluated the risk of RCC recurrence in VHL disease over a mean follow-up of 100 months in 18 patients (33 kidney surgeries). Recurrence tumours grew at a mean rate of 3.2 mm/year, which did not differ substantially from that of the primary tumours (3.4 mm/year).
We now present comprehensive data generated on the growth pattern of RCC in VHL disease based on a considerable number of 96 tumours over a mean follow-up of 54.9 months. Apart from a mean VDT of 25.7 months and a mean growth rate of 4.4 mm, we saw a large variance in the growth behaviour of VHL tumours ( fig. 1 ). To simplify variance in growth pattern, we formed three groups for description of growth kinetics: 35% (34/96) comprised slow-growing tumours ( ! 1-3 mm/year), 50% (48/96) moderate growing tumours ( 6 3-7 mm/year), and 15% (14/96) rapid-growing tumours ( 6 8-17.5 mm/ year). When calculating the VDT, based on the different tumour growth kinetics, we also observed a large variation ( table 2 ) . The literature too confirms that large variances in tumour kinetics are not specific for RCC in VHL disease; rather, sporadic RCC displays a wide spectrum of growth patterns [29] .
There is clear evidence that the risk for developing metastases in VHL disease dramatically increases with the rising diameter of RCC [19, 32, 33] . The final diameter and volume of the largest tumours in patients with metastases was significantly greater (p value = 0.0041, p value = 0.0009) than of tumours in patients without metastases. The conclusion that tumours with fast growth kinetics harbour an increased risk for metastatic spread is corroborated by the significantly faster growth of tumours in patients with metastasis than in patients without metastatic spread. We must concede, though, that, unfortunately, 5/64 patients failed to observe the recommended follow-up intervals, thus developing metastases because of large tumours. 1/64 patients already presented with metastases at the time of initial VHL diagnoses. We had allocated these 6 cases to the group of tumours showing fast growth kinetics ( 6 8-17.5 mm/year), which encompassed 15% (14/96 tumours) of all the tumours investigated. Because of the obviously high propensity of fastgrowing tumours to metastasize, on the basis of this knowledge, we suggest that these tumours need to be treated differently in terms of surveillance protocol and treatment. This could for example imply more than one MRI/CT scan per year in order not to miss a critical time point at which to act. Additionally, once a tumour has been classified as 'fast-growing', the diameter threshold for surgical removal should be adjusted downwards.
We did not see a strong correlation between tumour diameter and growth rate. In VHL disease, however, the risk for metastases is probably influenced by both growth rate and tumour size.
In contrast to a few studies on tumour growth kinetics in VHL disease, some studies have described the growth rates of small sporadic RCC based on patients who either refused surgery or were infirm [29, 30, 34] . Volpe and Jewett [30] reported a growth rate of 3.08 mm/year for sporadic RCC, while Chawla et al. [29] reported 2.8 mm/ year. Ozono et al. [25] reported a mean VDT of 20.1 months in 52 sporadic RCC [25] . Like VHL-associated RCC, variation in growth is also present in sporadic RCC, (range 2-4.7 mm/year) [29] . However, these studies are limited by the short follow-up and the fact that in most cases small lesions (mean diameter 2.6 cm) [29] were monitored. Growth characterisation of large sporadic RCC is largely missing in the literature. Therefore, based on a mean final tumour diameter of 3.74 cm, our data could have additional relevance for characterisation of the course of large RCC.
Considering our dataset (mean growth rate 4.4 mm/ year, VDT 25.7 months), the assumption should be abandoned that VHL-associated RCC shows substantially different growth characteristics to those of sporadic RCC. This appraisal is not only based on the data presented here but is also supported by the fact that in 74.6-82.4% of all sporadic RCC cases a mutation exists in a VHL gene [7, 8] .
Renal carcinoma in VHL disease can occur alone or in combination with complex cystic masses. At the same time, as a rule, simple renal cysts and atypical cysts are present which may subsequently develop into carcinomas [20, [35] [36] [37] . However, RCC can also arise from non-cystic renal tissue [15] . It has been shown that the majority of cysts in VHL disease grow slowly, and that a direct transition to solid cancer is rare [15] . In our study, at treatment time point (surgery) VHL kidneys comprised 39% tumour volume and 15.7% cyst volume in relation to total kidney volume ( table 5 ) . We saw no correlation between the content of cysts and tumours with Pearson coefficient (r = 0.07).
Beside VHL classification into type I/IIa/b/c, there is much evidence from several investigations to explain the risk of RCC occurrence in VHL disease. For example, germline mutations leading to truncated protein appear to confer a 40% risk for RCC manifestation [38, 39] . Other authors have found that the deletions in the VHL gene extending to the actin regulator HSPC300 appear to lower the risk of RCC [40, 41] . Nonsense and frameshift mutations appear to have a higher age-related risk for RCC than missense [42] . Furthermore, there is a general assumption that mutations within the HIF-binding domain lead to a higher occurrence to RCC [43] . The theory that mutations in distinct cluster regions for missense mutation (MCR) enhance the risk for RCC was shown by Gallou et al. [38] in 2004, but could not be confirmed in other studies [11] .
Investigations focussing on explanation and description of the dramatic variation in tumour mass or growth behaviour are largely missing. Here, we attempt to describe in a simple a way growth rates and tumour mass fraction in kidney overall, and with respect to the underlying germline mutation. With this approach and the comparatively low number of cases in germline subcategories, it is ultimately not possible to explain the large variation of tumour burden in VHL renal involvement. Nevertheless, regarding our data, in cases of missense mutations, a significantly (p value = 0.035) smaller number of tumours were removed compared to mutations leading to truncated protein. Although the number of cases in the subcategories of mutations was quite low, growth rates differed between some of the germline mutations. Tumours from splice mutations showed faster growth (5.6 mm/year) than cases of nonsense mutation (2.5 mm/year) (p value = 0.0048, CI 1-5.1). Concerning VDT, the same constellation was observed for both splice and nonsense mutations (VDT splice 14.7 months, VDT nonsense 35.2 months) (p value = 0.032, CI 2.0-39). Our observations may reflect the real situation; for the time being, however, they are of a purely descriptive nature.
Conclusion
VHL-associated RCC shows wide variances in tumour growth behaviour. Compared to the literature, in our study, growth rates of VHL-associated RCC did not differ from those of sporadic RCC. Patients who developed metastases because they failed to comply with the surveillance protocol had significantly larger tumours and faster growing RCC compared to patients without metastases. Although there are hints that some mutations could lead to different growth patterns, knowledge of mutation and radiographic values alone is not sufficient to entirely predict the course of RCC.
